Background The occurrence of persistent acute kidney injury (pAKI) following transcatheter aortic valve implantation (TAVI) has serious implications. Methods There were 1540 patients undergoing and surviving TAVI included in the nationwide SWEDEHEART registry between 2008 and 2015. Creatinine was measured at baseline and discharge, and those with baseline estimated glomerular filtration rate (eGFR) <15 mL/min/1.73 m 2 or dialysis were excluded. pAKI was defined by and encompassing theValve Academic Research Consortium-2 (VARC-2) criteria: increase in serum creatinine concentration ≥26.5 μmol/L or increase by ≥50% (1.5×), or start of in-hospital dialysis until hospital discharge. Logistic regression analysis was used to find baseline factors associated with pAKI. Adjusted Cox regression analysis was used to assess the association of pAKI with mortality. Median follow-up was 1.8 years (IQR 0.7-3.0). Results pAKI occurred in 6.1% (n=94) of the patients (71.3% male). These patients had higher creatinine level (117±50 vs 100±35 mmol/L, p<0.001), but similar baseline eGFR (59±21 vs 56±23 mL/min/1.73 m 2 , p=0.18) and received higher contrast volume (129 mL ±89 vs 110 mL ±78, p=0.027). On multivariable logistic regression analysis, pAKI was predicted by eGFR (OR 0.88, 95% CI (0.79 to 0.98), p=0.019), male gender (OR 2.68, 95% CI (1.63 to 4.38), p<0.001) and apical access (OR 2.23, 95% CI (1.35 to 3.69), p=0.002), whereas contrast volume/10 mL (OR 1.02, 95% CI (1.00 to 1.05), p=0.052) did not reach statistical significance. Mortality at 1 year/ end of follow-up was 10.4%/26.9%. pAKI was associated with a doubled risk of death (HR 2.04, 95% CI (1.49 to 2.81), p<0.001). Conclusion Persistent AKI after TAVI occurs in 6.1% and is associated with a doubled long-term mortality. Special efforts to avoid AKI should be taken, especially among vulnerable patients.
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AbstrAct
Background The occurrence of persistent acute kidney injury (pAKI) following transcatheter aortic valve implantation (TAVI) has serious implications. Methods There were 1540 patients undergoing and surviving TAVI included in the nationwide SWEDEHEART registry between 2008 and 2015. Creatinine was measured at baseline and discharge, and those with baseline estimated glomerular filtration rate (eGFR) <15 mL/min/1.73 m 2 or dialysis were excluded. pAKI was defined by and encompassing theValve Academic Research Consortium-2 (VARC-2) criteria: increase in serum creatinine concentration ≥26.5 μmol/L or increase by ≥50% (1.5×), or start of in-hospital dialysis until hospital discharge. Logistic regression analysis was used to find baseline factors associated with pAKI. Adjusted Cox regression analysis was used to assess the association of pAKI with mortality. Median follow-up was 1.8 years (IQR 0.7-3.0). Results pAKI occurred in 6.1% (n=94) of the patients (71.3% male). These patients had higher creatinine level (117±50 vs 100±35 mmol/L, p<0.001), but similar baseline eGFR (59±21 vs 56±23 mL/min/1.73 m 2 , p=0.18) and received higher contrast volume (129 mL ±89 vs 110 mL ±78, p=0.027). On multivariable logistic regression analysis, pAKI was predicted by eGFR (OR 0.88, 95% CI (0.79 to 0.98), p=0.019), male gender (OR 2.68, 95% CI (1.63 to 4.38), p<0.001) and apical access (OR 2.23, 95% CI (1.35 to 3.69), p=0.002), whereas contrast volume/10 mL (OR 1.02, 95% CI (1.00 to 1.05), p=0.052) did not reach statistical significance. Mortality at 1 year/ end of follow-up was 10.4%/26.9%. pAKI was associated with a doubled risk of death (HR 2.04, 95% CI (1.49 to 2.81), p<0.001). Conclusion Persistent AKI after TAVI occurs in 6.1% and is associated with a doubled long-term mortality. Special efforts to avoid AKI should be taken, especially among vulnerable patients.
IntroductIon
Transcatheter aortic valve implantation (TAVI) has become an established method for treating severe symptomatic aortic stenosis in patients who are inoperable or have high surgical risk. Hence, these patients admitted for TAVI have substantial comorbidities, which make them more vulnerable to a large number of periprocedural and postprocedural complications. In previous studies, up to 66% of patients have had at least a moderately reduced renal function. [1] [2] [3] After the TAVI procedure, a further decline in renal function is common, affecting 15%-40% of all patients, and have shown to be predictive of several-fold increased short-term and long-term mortality. 2 4-6 The definition of worsening
Key questIons
What is already known about this subject?
Currently high-risk patients with several comorbidities are accepted for treatment of severe symptomatic aortic stenosis with transcatheter aortic valve implantation (TAVI). Acute kidney injury has in several small single-centre studies and randomised trials been implied as a predictor of worse outcome.
What does this study add?
In a nationwide unselected patient population undergoing TAVI, a worsening of renal function at the time of discharge occurred in 6.1% of patients and was associated with a doubled short-term and longterm mortality, independent of baseline renal function. Predictors of the occurrence of a persistent worsening of renal function were baseline renal function, male gender and apical access site, whereas used contrast volume did not reach significance.
How might this impact on clinical practice?
Prognosis after TAVI can be further improved by avoiding worsening of renal function. Prevention of worsening renal function should focus on both preexisting renal function, gender and factors associated with access site.
renal function has varied over time, but currently the most commonly used definition for patients undergoing valve implantations is the Valve Academic Research Consortium-2 (VARC-2) criteria, where already a mild (26 mmol/L) increase in creatinine within 7 days identifies patients with acute kidney injury (AKI). 7 The predictors of AKI and the association with outcome have to some extent been examined. 1 8 These studies though have mainly related to a renal function decline within the first 24 hours or 7 days to outcome, and have not examined the association if AKI persists until discharge. In these studies it is suggested that several potential important mechanisms contribute to the development of AKI, such as lower renal function at baseline, larger contrast volume use, red blood cell transfusion and higher logistic EuroSCORE. 9 The aims of the present study were to understand what is the meaning of an AKI that persists until the time of discharge. This differs from previous studies that mainly focus on AKI that is identified during the first 7 days of the TAVI procedure. In addition, we wanted to identify the predictors of persistent decline in renal function. We also wanted to evaluate how AKI in the different renal function groups was associated with outcome. Finally, we wanted to assess whether persistent AKI was associated with short-term and long-term mortality.
Methods study population
The nationwide SWEDEHEART registry includes all consecutive patients undergoing TAVI in all eight centres in Sweden. The TAVI registry is a part of the SWEDEHEART registries, with data storage at Uppsala Clinical Research Center. The registry covers all TAVI procedures in the country since TAVI was started, and new patients are entered online directly after procedures are done. The treating physician enters information including baseline characteristics, laboratory values, echocardiographic and procedural data and complications. A subset of patients have been checked against hospital records with very few inconsistencies. Over 99% of records are complete in all fields. Mortality data are gathered from the national population registry, which is 100% complete for our patients.
There were 1861 patients undergoing TAVI between 2008 and 2015. A total of 1540 patients were included (figure 1) after excluding patients requiring preoperative dialysis (n=5) as AKI cannot be assessed in these patients. Also, those with a baseline estimated glomerular filtration rate (eGFR) <15 (n=31) were excluded due to their expected high AKI risk.
The decision to intervene on a severe aortic stenosis was taken by a multidisciplinary team consisting of an interventional cardiologist, imaging specialist and cardiothoracic surgeon. The main valve technologies used were the Medtronic CoreValve and the Edwards SAPIEN. A transfemoral approach was the default strategy for all patients. For those treated with the Medtronic CoreValve, some patients were treated via the subclavian or direct aortic approach. For the Edwards SAPIEN devices, a transapical approach was used when a transfemoral route was not possible.
This study protocol was approved by the Ethics Board in Stockholm, Sweden.
Persistent acute kidney injury (pAKI) definition
Creatinine measurement at baseline and at discharge is collected prospectively in the registry. The persistent AKI definition encompassed the VARC-2 definitions, 7 with the modification that creatinine at discharge was used and not a peak value within 72 hours to 7days post-TAVI. Urine output data were not registered. pAKI was defined as having at least VARC-2 stage 1 or more. VARC-2 staging was as follows: stage 1: increase in creatinine ≥26 mmol/L, or increased creatinine by ≥50% to ≤199% (1.5-1.99× baseline value); stage 2: creatinine increase by ≥200% to ≤299% (2.0-2.9× baseline value); Interventional cardiology and stage 3: creatinine increase by ≥300% or requiring dialysis therapy.
Two other pAKI definitions were used for sensitivity analysis: first, a relative ≥25% increase in creatinine from baseline to discharge, or initiation of dialysis therapy; and second, fulfilling the risk 'R' criteria in the Risk, Injury, Failure, Loss, ESRD (RIFLE)definition, consisting of either a ≥25% increase in eGFR calculated by the chronic kidney epidemiology collaboration (CKD-EPI) equation 10 or a ≥150% increase in creatinine or initiation of dialysis.
other variable definitions
Bleeding events consisted of all major bleedings (defined according to VARC-2 as major or higher) occurring either in the procedural laboratory or in the ward. Urgent TAVI was defined if the patient was deemed to require urgent procedure or was in a critical preoperative state. eGFR was estimated with the CKD-EPI equation. 10 Creatinine clearance 11 was used to calculate contrast volume to creatinine clearance ratio. Data on vital status were obtained by merging the registry with the national population registry.
statistical analysis
Continuous variables are presented as mean±SD or as median (IQR). Continuous variables were tested for differences with the Student's two-sample t-test or non-parametric Kruskal-Wallis test. Categorical data are presented as percentages, and comparison between groups was performed by the χ 2 test. First, factors associated with developing persistent AKI were assessed with a univariate logistic regression model. Based on clinical knowledge we included the following variables in the multivariate logistic regression model: age, sex, left ventricular ejection fraction (LVEF), baseline eGFR, contrast volume, chronic obstructive pulmonary disease (COPD), diabetes, known hypertension, prior coronary revascularisation, bleeding complication and procedural access site.
The association between pAKI and mortality was displayed graphically as a Kaplan-Meier curve and compared with the log-rank test. For 30-day mortality, only age, pAKI and gender were used in a logistic regression model. For 1-year and long-term mortality, a Cox regression analysis was performed with the following variables: persistent AKI, gender, LVEF, diabetes mellitus, hypertension, previous coronary revascularisation, peripheral arterial disease and an atrial fibrillation diagnosis.
Finally, on sensitivity analyses we repeated the analyses using the two alternative definitions of pAKI.
Statistical analysis was performed with Stata V.13.1.
results
Patient, echocardiographic and procedural characteristics
Persistent AKI occurred in 94/1540 (6.1%) patients. The majority of patients (78%) who fulfilled the modified VARC2 criteria increased their creatinine by ≥26 µmol/L (table 1). The change in absolute level of creatinine for all patients is shown in figure 2A , while the baseline creatinine value for patients who developed persistent AKI is shown in figure 2B ,C. Patients who developed pAKI were more often male (71.3%) despite a similar number of men and women being treated with TAVI (760 women, 780 men) (table 1). Baseline creatinine level was higher among those with pAKI, whereas eGFR was not significantly different. COPD was more frequently present in patients with pAKI. Other comorbidities, such as diabetes, prior hypertension and prior cardiac surgery/percutaneous coronary intervention, were equally common. Preprocedural echocardiography differed only by higher annulus diameter in patients with pAKI.
On TAVI procedure, patients who had pAKI received larger contrast volumes, whereas the contrast volume to CrCl ratio was borderline different. Hospitalisation was prolonged for patients with pAKI.
Predictors of pAKI
There were several univariate predictors of pAKI (table 2) . However, after multivariable adjustment only male gender, lower baseline eGFR and apical vascular access site remained significantly associated with pAKI. Larger contrast volume and known COPD were borderline significantly associated with pAKI.
Association between pAKI and mortality
By 30 days after discharge, 1.9% (29/1540) of the patients had died. More patients with pAKI had died compared with those without pAKI (7.5% vs 1.5%, p<0.001). On a multivariable logistic regression analysis including pAKI, age and gender, pAKI was found to independently predict 30-day mortality (HR 5.03, 95% CI (2.05 to 12.3), p<0.001). In comparison, age per 10-year increase (HR 1.71, 95% CI (0.90 to 3.22), p=0.099) and male gender (HR 1.77, 95% (CI 0.80 to 3.91), p=0.156) were not associated with 30-day mortality.
At 1 year 10.4% (161/1540) of the patients had died, with a larger proportion dying in the pAKI group (29.8% vs 9.2%, p<0.001). In the long-term with a median follow-up of 1.8 years (IQR 0.7-3.0), 27.0% (416/1540 patients) had died, with more patients dying in the pAKI group (50.0% vs 25.5%, p<0.001) ( figure 3) . The presence of pAKI predicted a doubled risk of death even after adjustment of other covariates, both at 1 year and in the long term (table 3) . sensitivity analyses: gender and two alternative definitions of pAKI When using the VARC-2 definition, pAKI was more frequent among men (see online supplementary table 1). However, changing the pAKI definition to a 25% change in creatinine from baseline to discharge, male gender was more equally distributed among those developing pAKI (see online supplementary table 2). Predictors 
dIscussIon
In this large nationwide registry-based study, consisting of 1540 unselected consecutive patients, pAKI that was present at discharge from hospital was present in 6.1% of the patients. The factors associated with the presence of pAKI were baseline renal function, male sex and access site, whereas contrast volume was borderline significant. With the increasing use of TAVI, identifying patients at risk and preventing pAKI are an important aim, because pAKI is associated with both lengthened in-hospital stay and increased mortality. Even though the majority of patients fulfilled the VARC2 criteria 7 by only having at least a 26 mmol/L increase in their baseline creatinine to discharge, this doubled the risk of both short-term and long-term mortality in all renal function categories.
Several factors were associated with the development of pAKI. Baseline renal function predicted pAKI, whereas contrast volume use was a borderline predictor of pAKI. Contrast is well known to be directly nephrotoxic, and precautions are usually undertaken to reduce this risk. A prior study has evaluated the dose of contrast given in relation to renal function and found this ratio predictive of AKI.
1 Contrast-induced nephropathy may occur more often in vulnerable patients with underlying atherosclerotic disease. 12 This study also confirms that patients undergoing TAVI through an apical access site compared with a transfemoral route are at increased risk of developing persistent AKI. These patients usually represent a group with more advanced atherosclerotic disease and worse outcome, as shown by others. 13 
Factor
No acute kidney injury Persistent acute kidney injury p Value Data are presented as mean±SD or n (%) as appropriate. CABG, coronary artery bypass graft; CKD, chronic kidney disease; CrCl, creatinine clearance; eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association functional classification; PCI, percutaneous coronary intervention; TAVI, transcatheter aortic valve implantation; VARC-2, Valve Academic Research Consortium-2. A surprising finding in this study was that male gender predicted pAKI. There were significantly more male than female patients who developed pAKI. This occurred despite TAVI being performed in an equal number of men and women. In general, men who had TAVI had the same logistic EuroSCORE as women, were on average a few years younger than women, but appeared to have a higher burden of atherosclerotic disease, reflected by the higher number of prior percutaneous coronary interventions and prior stroke. Despite women having more reported periprocedural bleeding complications than men, which are factors that could have made them more prone to having AKI, male gender remained associated with having pAKI.
A possible explanation for men being more likely to have pAKI could lie in the pAKI definition. Men have higher baseline creatinine values compared with women, and therefore a ≥26 mmol/L increase in creatinine would more often occur in men, being a less percentage increase than in women. In a sensitivity analysis, when pAKI was instead defined as a 25 percentage point increase rather than an absolute increase in creatinine, an equal number of men and women would have had pAKI. In this alternative definition of pAKI, only apical access and COPD were predictive of pAKI. However, for long-term outcome, both pAKI and male gender were predictive. Therefore, as seen in other studies as well, the increased risk for men undergoing TAVI to have pAKI compared with women is probably only partially mediated by AKI itself, and other factors specific to men are probably present that influence long-term outcome. 14 Mortality was doubled in patients who had pAKI in this study. Renal function is predictive of adverse outcome, 15 but adding pAKI independently worsened the outcome. Recent studies showed that kidney function before TAVI, and especially the occurrence of AKI, significantly influences the outcome in patients after TAVI. [16] [17] [18] The reasons for the association of chronic kidney disease with adverse outcomes after invasive and surgical procedures are not fully understood.
A limitation of this study is that we used a modified version of the VARC2-AKI definition 7 . Only creatinine on discharge was available, and therefore a peak creatinine between the first 72 hours and 7 days post-TAVI could not be detected. Therefore, most of the patients probably have recovered renal function after AKI by the time of discharge (median 6 days (IQR 4-7)), and therefore we found a low incidence of pAKI. However, the patients identified by this extended definition of creatinine elevation has for other patients been shown Interventional cardiology to be associated with worse prognosis. 16 In this study, we also did not include patients with an eGFR <15 mL/ min/1.73 m 2 , as these patients are a very vulnerable group with very high risk of developing both AKI and dialysis. Furthermore, in the models of predictors for long-term outcome, residual confounding could remain. Unfortunately, such frailty was not collected and could not be adjusted for.
conclusIon
The clinical implications are that AKI after TAVI is associated with a doubled mortality. Therefore, efforts should be made to avoid AKI. Special attention should be given to vulnerable groups undergoing TAVI at risk of AKI, such as male patients, patients with already low renal function on admission and patients requiring transapical procedures. Figure 3 Kaplan-Meier curve. 
